a b s t r a c t N-Phenyl-2-(2-hydroxynaphthalen-1-ylmethylene)hydrazinecarbothioamide has been investigated as a fluorescent sensor for the determination of Fe(III) in aqueous solutions. The probe was prepared by the facile Schiff base condensation of 2-hydroxy-1-napthaldehyde with N-phenylhydrazinecarbothioamide. The sensor displayed good selectivity for Fe(III) when tested against a range of biologically and environmentally important cations. A concentration dependent increase in the emission of two fluorescent bands at 425 and 495 nm was observed upon increasing Fe(III) addition resulting in a linear ratiometric response in the 17-37 lM range. The binding stoichiometry was confirmed as 1:1 (host/guest) with the binding constant (log b) calculated as 4.56.
Iron is an essential element for normal physiological functioning as it plays an important role in many cellular processes including energy generation, oxygen transport and DNA synthesis. 1 The ability of iron to redox cycle between two stable forms, Fe(II) and Fe(III), enables it to function as both an electron donor and acceptor, a property that makes it suitable as a co-factor in many different enzymes critical for life. 2 However, iron overload can cause deleterious conditions such as b-thalassaemia and Friedreich's ataxia where the presence of excess iron leads to the generation of reactive oxygen species (ROS) via the Fenton reaction. 3 ROS can induce cell death by interacting with many important biomolecules through a series of chemical reactions resulting in DNA oxidation, mitochondrial damage and lipid peroxidation. 4 Iron is also essential for the catalytic activity of ribonucleotide reductase (RR), the enzyme used in the rate determining step of DNA synthesis. As cancer cells proliferate at a faster rate than normal cells, these cells tend to have a greater requirement for iron than healthy cells. 5 Thus iron sequestration has also been a target in certain cancer chemotherapies. 3 To counter the problems of iron overload, iron chelation therapy utilises ligating drugs that strongly bind to intra-and extracellular iron promoting the excretion and subsequent depletion of toxic iron concentrations in the body. 3 Currently, three drugs, deferiprone, deferasirox and deferoxamine are approved for use in iron chelation therapy. 6 However, in order to administer the optimum dose of these agents it would first be advantageous to determine the level of excess iron present. As a result, there is a need for the development of rapid detection systems that can determine the concentration of iron in aqueous based solutions. In this capacity, fluorescence based methods for analyte detection remain popular due to their high sensitivity, rapid response rate and relative inexpense. 7 Thiosemicarbazones have been studied extensively as iron chelators in the treatment of cancer. Their high affinity for iron makes them ideal for sequestering iron at the active site of the RR enzyme thus inhibiting its function.
8 A large family of thiosemicarbazone derivatives have been developed and investigated for their chemotherapeutic potential including those derived from 2-hydroxy-1-naphthaldehyde. 9 Given the high affinity these molecules have for Fe(III) and that they possess an inherent fluorophore within their structure, it seems sensible to investigate these compounds as potential fluorescent probes for iron. Surprisingly, to date, the ability of these agents to also function as self indicating fluorescent sensors for iron has been overlooked. In this Letter, we synthesise the simplest member of this family, N-phenyl-2-(2-hydroxynaphthalen-1-ylmethylene)hydrazinecarbothioamide (which in this Letter is designated NT) 9 and investigate its ability to function as a fluorescent probe for Fe(III) in aqueous based solution. Tetrahedron Letters j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t e t l e t
The target compound NT was synthesised in one step by the facile Schiff base condensation reaction of 2-hydroxy-1-napthaldehyde with N-phenylhydrazinecarbothioamide (4-phenylthiosemicarbazide) (Scheme 1) and was produced in a 65% yield after recrystallisation from ethanol. 10 The UV-Vis spectrum of NT, recorded in a THF/H 2 O (9:1) HEPES buffered solvent system (pH 7.4) is shown in Figure 1 and is characterised by a broad absorption from 210 to 450 nm. of ratiometric analysis by comparing the ratio of the intensities of the two bands as a function of analyte concentration. This is preferred over single wavelength analysis as the method is free from the errors associated with receptor concentration, photobleaching and environmental effects. 12 The selectivity of NT as a fluorescent probe for Fe 3+ band with a significant quench of the 485 nm band (Fig. 2a) . However, the addition of Fe 3+ resulted in a significant increase of both bands with a 104% increase for the 425 nm band and a 194% increase for the 485 nm band. When a plot of the intensity at 485 nm was performed for each metal ion, excellent selectivity was observed for Fe 3+ over all the other tested ions (Fig. 2b) .
The reason for the large fluorescent enhancement upon the addition of iron can be explained as follows: iron is known to form a tridentate chelate with thiosemicarbazones such as NT (Fig. 3) , where the oxygen lone pair from the naphthyl hydroxy, the imine nitrogen lone pair and the thiosemicarbazone sulfur lone pair, all bind strongly to the Fe 3+ ion. 13 This binding event prevents the rapid isomerisation of the C@N group that otherwise happens in the absence of Fe(III) and which leads to non-radiative decay of the excited state. 14 Examples of 'Off-On' fluorescence sensors for Fe (III) are rare given in the redox nature of this ion as it typically quenches the excited state of organic fluorophores by electron transfer processes when brought into close proximity of the fluorophore. 15 In the case of NT, the enhancement in fluorescence that arises as a result of the inhibition of the C@N isomerisation process is greater than the quenching ability of Fe 3+ and an 'Off-On' response was observed.
To determine the sensitivity range over which NT can measure Fe(III), a series of solutions were prepared in which the concentration of NT was kept constant but the concentration of Fe 3+ was gradually increased. The fluorescence of each solution was measured and the ratiometric intensity (I 485 /I 425 ) plotted against concentration (Fig. 4) . Excellent linearity was observed in the 17-37 lM range indicating that NT can function as a ratiometric 'Off-On' fluorescent sensor in this range. To confirm the binding stoichiometry between NT and Fe 3+ a Job plot was performed. 16 The results of this plot are shown in Figure 5 and indicate the formation of a 1:1 (host/guest) complex. Based on a 1:1 binding stoichiometry the binding constant (log b) was calculated to be 4.56 using the equation log(F max ÀF)/(F/F min ) = log[cation]Àlog b, (where F max is the maximum fluorescence intensity, F min the minimum fluorescence intensity and F the measured fluorescence intensity).
17
Finally, the effect of solution pH on the fluorescence intensity of NT was investigated by recording the fluorescence spectra over a range of different pH values. The emission intensity at 485 nm was plotted as a function of pH and this plot is shown in Figure 6 . These results illustrate that the fluorescence intensity remains relatively constant from pH 2-9, but increases dramatically from pH 10-12. This large increase in fluorescence is most likely caused by the deprotonation of the naphthalene hydroxy group of NT that otherwise leads to a non-radiative decay from the excited state by vibrationally coupling it to water. 11 As this hydroxy group is also involved in the binding of the Fe 3+ ion by NT, it is also probable that this interaction may also contribute to the fluorescence enhancement observed upon the interaction of NT and Fe 3+ , as this binding event would reduce the ability of the hydroxy group vibrationally coupling to water. The pK a of this group was calculated to ) and the binding constant log b was determined as 4.56. Examples of enhancement based ratiometric fluorescence sensors for Fe 3+ are extremely rare and to the best of our knowledge, NT is the first reported example of an enhancement based fluorescence probe for Fe 3+ that operates via the suppression of C@N isomerisation. In addition, we believe that this provides a good example of how already synthesised molecules can be utilised for a different purpose. We are currently investigating other known iron-chelating compounds for their potential as optical iron sensors.
